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SUPPLEMENTARY NOTES
INTRODUCTION
Recirculating flow fields established by turbulent jet mixing of two coaxial streams in a constant-area, axisymmetric duct occur in many industrial and aerospace burner, furnace, and combustor configurations. The so-called "sudden" expansion or "dump" combustors used in ramjet-rocket propulsion systems are designed on the principle of establishing and maintaining combustion in regions of recirculating flow within the combustor.
The purpose of the study reported herein was to obtain data to aid in the development of analytical techniques to analyze and predict the turbulent mixing and combustion phenomena which occur in a wide variety of engineering applications. The development and evaluation of analytical techniques require data on many different flow configurations if the techniques are to be general and applicable to more than a limited number of configurations. Experimental data are available for boundary-layer-type flow but development and evaluation of analytical models .for ducted recirculating flow configurations has been hampered by the lack of detailed experimental flow field information for such configurations.
Data were obtained in a configuration similar to that of a "dump" combustor. The apparatus is the same used in the work reported by Schulz (Ref. I) which was concerned with nonreacting, variable-density, confined, axisymmetric recirculating flows.
The objective of the present study was .to obtain total pressure, mean axial velocity, turbulence intensity, gas composition, and wail static pressure distributions in a reacting, confined, axisymmetric, recirculating flow field for two secondary-to-primary flow ratios. The data may be used as a guide for design estimates for combustors or combustion processes and to aid in developing and evaluating theoretical models and predictive techniques for such flows and processes. The data are tabulated in Appendix A for the convenience of other investigators.
The essential features of the recirculating flow field are shown in Fig. 1 . For a certain range of fluid influx conditions, jet mixing of coaxial streams leads to the creation of an eddy of recirculating fluid existing on a time-averaged basis as a torodial, highly vortical region with high turbulent intensities and relatively low average velocities. The eddy of the recirculating region is generated when the "entrainment or pumping capacity" of the higher velocity primary jet stream is greater than the mass flow available in the outer, lower velocity secondary stream. For those conditions, the-primary jet "establishes" the recirculation eddy which provides mass flux to balance the jet entrainment requirements. The recirculation eddy can exist with or without secondary flow. However, as the secondary mass .flow rate is increased to some critical "blow-off" value with a constant primary jet mass flow rate, the recirculation eddy structure disappears and the duct flow will be characterized by positive axial velocities throughout the flow. The pertinent features which may be used to describe the time-averaged flow field with recirculation axe:
I. The axial location of the characteristic time-averaged stagnation points on the duct wall, denoted XFS and XRS in Fig. I .
2. The time-averaged axial velocity field.
. The time-averaged distribution of mass, energy, or temperature of the fluid from the primary stream which characterizes the qualitative and quantitative nature of the mixing that has occurred between the two streams.
4.
The time-averaged axial distribution of wall static pressure.
All of these gross features of the flow, their spatial distributions and magnitudes, appear from experimental evidence to be dependent on the ratios (Us/Up, Ps/Pp, Rs/Rp), a Reynolds number based on the primary flow at the nozzle exit station, and on chemical reactions occurring in the flow. However, it is also an empirical observation that for sufficiently high values (> 1.5 x 10 4) of the primary jet Reynolds number, def'med by NRe P = ppupRp/~p
(1) the time-averaged velocity, species concentration, and static pressure fields become independent of NR o, which is the case in the present study.
APPARATUS
TEST CELL
The test cell used is identical to the one described in Ref. 1 except for the I/4-in. slot shown in Fig. 2 . The slot provided optical access to allow the use of a laser velocimeter. A quartz window was used to seal the slot. The test chamber consisted of a 5-ft-long stainless steel duct with an inside diameter of 5.24 in. A mechanically driven axially traversing nozzle assembly was mounted inside the duct. The nozzle assembly was traversed in discrete steps during the testing to vary the distance between the primary jet nozzle exit plane and the radially positionable pitot pressure and gas sampling probe. An O-ring system provided a seal between the movable nozzle assembly and the duct.
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The nozzle assembly included a circular, 0.524-in.-diam nozzle (Fig. 3) , which introduced the primary air jet at 700 ft/sec,'and an annular secondary injector assembly, through which hydrogen entered the duct. The duct-to-primary jet diameter ratio was ten. The secondary hydrogen flow passed through two porous plates and a screen pack shown in Fig. 2 , which acted to stabilize the flow system. External water spray nozzles were positioned outside the duct to cool the walls. A spark plug was located downstream of the traversing probe to ignite the combustible hydrogen-air mixture.
INSTRUMENTATION
Pressure and Temperature
A water-cooled total pressure and gas sampling probe of the type discussed in Ref. 2 was installed in the duct at a fixed axial position. The probe tip, detailed in Fig. 4 , was traversed radially across the duct by a hydraulic drive mechanism. By combination of the motion of the axial traversing nozzle assembly and the radially traversing probe, axial and radial surveys were made in the recirculating flow field. The total pressure was sensed with a variable capacitance transducer and a strain-gage transducer to obtain maximum accuracy over the wide range of pressure encountered.
In addition to the probe assembly, 41 static pressure orifices (0.040-in.-diam) were installed approximately one inch apart along the duct wall. Five of the orifices were used to obtain gas samples, and the remaining 36 were connected to a water manometer which was photographed during the tests to record the wall static pressure distribution.
The total temperature of the gaseous supplies of air and hydrogen was measured with copper-constantan thermocouples upstream of critical-flow venturis, which were used to meter the primary and secondary mass flows.
Gas Concentration
The molecular weight of gas samples was measured using gas-sample-driven fluidic oscillators. The theory and use of fluidic oscillator systems to measure gas composition is described in Refs. 2, 3, and 4. The output frequency of a fluidic oscillator depends on the speed of sound of the gas sample passing through the oscillator, the oscillator configuration, and the pressure drop across the oscillator. However, through temperature control and calibration, the oscillator frequency can be established as a function only of the molecular weight and specific heat ratio of the gas sample passing through the oscillator.
The fluidic oscillator system consisted of six oscillators mounted in a steam-f'filed box for temperature control. Consistent operation of the oscillator system was ensured by analyzing an air sample during each data cycle. Calibration of the system was accomplished using gas samples of air, helium, and mixtures of nitrogen and hydrogen having a range of molecular weights between 6 and 20. The calibration curves were supplemented by the fully mixed and reacted composition of the two test gas mixtures. The effect of specific heat ratio could be neglected because the system was calibrated with gaseous mixtures whose specific heat ratios were essentially the same as the mixtures being measured.
Each time composition data were obtained with the traversing probe, data were also obtained from each of the five wall orifices connected to the gas analyzer. The location of each orifice relative to the nozzle exit depends on the axial location of the nozzle. By taking data at several nozzle locations a rather complete axial variation of composition aiong the wall was obtained. At each nozzle location, data were recorded for each probe position so that there are 8-to 15 samples per orifice for each nozzle position. The data presented are average values of hydrogen mass fraction with the outliers eliminated by Thompson's ~" technique (Ref. 5).
Laser Velocimeter
Velocity measurements were made in the duct with a two-component, Bragg-diffracted laser velocimeter (LV) shown in Fig. 5 and described in Ref. 6 . However, in the present study, only the axial velocity component was obtained. Light from the 514.5-nm line of an argon-ion laser is focused and directed through an ultrasonically driven Bragg cell which diffracts the incident radiation into several nearly equal intensity i~eams. Two of the beams are passed by a beam stop and refocused to a point in the flow field. In this probe volume, a set of interference fringes is formed. Since the Bragg cell shifts the frequency of each of the transmitted beams, the fringes are not stationary but move at a reference velocity proportional to the frequency of the ultrasonic drivers. Velocities, accordingly, are determined relative to the reference velocity so that the directional ambiguity inherent in most LV systems is avoided.
Light scattered from particles passing through the probe volume is received by a photomultiplier tube (PMT) through the collector optics. By viewing the probe volume through an aperture at an off-axis collection angle, the effective probe volume can be varied. The collector optics were positioned so that operation was in the back scatter mode.
The signal received by the PMT was amplified and filtered by the signal-conditioning electronics to enhance its signal-to-noise ratio. The resulting signals were processed by the Doppler Data Processors to determine the period of the Doppler shift. From the period of the signal, the reference frequency of the Bragg drivers, and the known characteristics of the input optics, the velocity of the particles may be determined. The system had the capability to measure axial velocities from -I 15 to 700 ft/sec.
In some flows, natural seeding may be adequate for making laser velocimeter measurements. However, at the temperatures in the reacting flow field, not enough natural particles survive to make velocity measurements within a reasonable time period. Thus, a particle seeding device was developed with which the primary air stream was seeded with one-micron alumina particles. However, it is likely that the actual particle sizes were larger than one micron because of aggregation of the particles (Ref . 7 ).
An operational problem was encountered in taking LV data through the slot in the cell wall. Water, formed in the combustion process, deposited on the quartz window surface. It was necessary to shield the viewing port area and heat the window surface to avoid condensation.
PRECISION OF MEASUREMENTS
The uncertainty of a measured parameter was determined from the bias limits and precision indices of the instrumentation by the procedures developed in Ref. 8. Given the bias limits and precision indices associated with the measurements necessary to define any parameter (~), the total uncertainty in & is defined as U~ = +__ (Be + t955 O) (2) where B~= N (9(I)
is the bias limit for ,I,, and
is the precision index for ~, and ~ are the measured parameters which define ~; that is, -77-56 and N is the number of measured parameters that define ~. The parameter tgs is the "95 percentile point for the two-tailed students it' distribution."
The bias limits and precision indices of instruments vary with the magnitude of measured quantities. Therefore, representative test conditions were selected upon which to base the precision indices and bias limits. Typical bias limits, precision indices, and uncertainties in the fundamental, measured parameters, the calculated velocities for frozen and equilibrium conditions, .and the hydrogen gas concentrations, which are calculated from the fundamental, measured parameters, are presented in Table I .
The uncertainties for the laser velocimeter measurements were calculated by the method outlined in Ref. 6, which was developed for the laser velocimeter used in these experiments. The uncertainty is -+4 percent of the measured value at-I00 ft/sec and +3 percent at 700 ft/sec.
TEST PROCEDURE
Calibration factors for the pressure and concentration instrumentation were determined before each test from application of a set of known pressures and molecular weights to each system. The sensitivity of each measurement system was obtained over ranges of values expected during the test. Temperature instrumentation was calibrated by the application of known voltagas before each test. Data other than manometer pressures were ~ecorded on seven-track, incremental, magnetic tape by a programmable Hewlett-Packard 2010 data acquisition system. The impact probe pressure was also displayed on an x-y recorder.
Prior to each test, the LV equipment was adjusted to obtained maximum power of the 514.5-nm spectral line, and the Bragg driver and Bragg cell were balanced to obtain equal intensities in the two unblocked beams. After the adiustments were completed, the fringe spacing and moving orientation with respect to the jet axis were determined. A detailed discussion of the procedure is presented in Ref. 6 . A high-speed minicomputer data acquisition system was used to acquire the LV data.
At the beginning of each test, a vacuum check was performed to determine if there were any leaks in the pressure measuring system. A mixture of hydrogen and air in the test cell was ignited at very low flow rates. The flows were carefully increased together to avoid flame blow out. Conditions were set by establishing the desired flow rates of air and hydrogen as indicated by the pressure and temperatures upstream of the metering venturis. The LV and probe data (total pressure and gas composition) were taken during different test periods so that the probe would not perturb the flow field while the LV measurements were being made.
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For probe data, the nozzle assembly was positioned at a desired distance from the probe. A continuous x-y plotter trace of total pressure versus radial position was taken to guide the selection of the radial locations to take total pressure and gas composition data. The probe was then incremented across the stream to obtain a profile.
To obtain LV data, the LV probe volume was positioned on the horizontal centerline of the test cell and then the laser velocimeter was traversed vertically to record data at prescribed increments. It was necessary to realign the LV with respect to the duct centerfine each time the nozzle assembly was repositioned because of movement of the duct caused by the change in the location of the combustion region.
RESULTS AND DISCUSSION
Experimental data were obtained in a ducted, subsonic, axisymmetric, reacting, recirculating flow field with a primary jet airflow rate of 0.075 lb/sec and secondary outer stream hydrogen flow rates of 0.01 ! and 0.008 lb/sec. These flow rates result in fuebair ratios (F/A) of 0.143 lb H2/lb air and 0.107 lb H2/lb air where the stoichiometric F/A ratio is 0.029 lb H2/lb air. The static pressure in the duct was 13.8 psia. The measurements were made at axial stations from one-half to five duct diameters from the primary nozzle exit plane. The data include radial distributions of hydrogen mass fraction, mean axial velocity, axial turbulence intensity, and total pressure and axial distributions of wall hydrogen mass fraction and wall static pressure. The nominal test conditions are tabulated in Table 2 and the data are tabulated in Appendix A.
VELOCITY MEASUREMENTS
The radial distribution of mean axial velocity and axial turbulence intensity for the two fuel-air ratios are shown in Figs. 6 and 7. The data are nondimensionalized by the measured nominal primary jet exit velocity, 700 ft/sec. The turbulence intensity (U'/Up) for both fuel-air ratios has a maximum value of approximately 0.20 which, for X/D less than 3, occurs near the center of the mixing zone, i.e., where du/dr is a maximum. For X/D greater than 3, the turbulence intensity is approximately constant at 0.20 across the duct except for X/D = 5 at F/A = 0.107, which has an almost constant value of 0.11. The local turbulence intensity (u'/u)can be very high, having values of 100 percent or more of the local mean axial velocity when the local mean axial velocity is ! 50 ft/sec or less.
The decay of the mean axial velocity along the duct centerline is shown in Fig. 8 . The velocity in the reactive cases decay less rapidly than the nonreactive case even in the near region (X/D = 1/2 and 1). It has been noted previously that the velocity in reactive streams decays less rapidly than comParable nonreactive streams (Ref. 9), but a complete explanation for this phenomenon has not been given. It is recognized that, for constant area duct flow with mixing and heat addition, the average velocity in the duct must be higher than the nonreactive case for the same pressure and mass flow because of the higher temperature. However, the reason for the delayed decay of the potential core region in the reactive case, where neither mixing nor burning has taken place, is not obvious. The conventional X -I decay for a free jet and the fully mixed equilibrium velocities are also shown in Fig. 8 for comparison purposes. Figure 9 shows the location of the locus of points of zero mean axial velocity in the reactive recirculating flow field. The solid line was deduced from the data of Ref. 1 for the nonreactive recirculating case with F/A = 0.14. The Ref. 1 data were estimated from the results of pressure and composition measurements taken with forward and rearward facing pitot probes. The agreement is within the uncertainty of the measurements and indicates that the reaction has had little effect on the location of the recirculation zone.
HYDROGEN MASS FRACTION
For the reacting fuel-rich hydrogen-air mixture, the elemental hydrogen mass fraction (FH) is related to the mixture molecular weight (W) through the general chemical relationship: 10 and 11, respectively. As expected because of the mixing process, the centerline value of FH increases and the wall value decreases with increasing axial distance from the primary nozzle exit plane. Note that no pure hydrogen was measured even at X/D = 0.5. However, recall that the velocity data (Fig. 9) indicate that X/D = 0.5 is close .to the average location of the forward stagnation region. In addition, the lower values of FH and the highly turbulent velocity field near the wall indicate that counterstream turbulent diffusion of species apparently causes a dilution of the H~ stream. The data at R/RD = 0.2 in Fig. 10 for X/D = 2 and 3 indicate that the mixing is less rapid in the reactive than the nonreactive case which causes the dilution of the H2 stream at X/D = 0.5 and 1.0 to be less in the reactive case.
The axial distribution of FH along the duct wall (Fig. 12 ) also shows that, near the nozzle exit plane, FH for the reactive case is higher than for the nonreactive data. The nonreactive FH decays more rapidly than the reactive case which is consistent with the results of Fig. 10 . The data also indicate that the upstream diffusion of species extends very near to the primary nozzle exit since FH is less than unity in that region. The fully mixed value of FH, calculated from the measured mass flows, shown in Fi~ ! 2, is 0.128 for F/A = 0.143 and 0.096 for F/A = 0.107. For X/D near 5, the hydrogen mass fraction for F/A = 0.107 is lower than the data for F/A = 0.143 as would be expected. However, both data sets are below their fully mixed values.
PRESSURE DATA
The axial distribution of wall static pressure (shown in Fig. 13 ) is typical of distributions encountered in separated, reattached flows. The static pressure rise for the nonreactive recirculating flow is only slightly different in location from that of the reactive cases which is another indication that the chemical heat addition had little influence on the position of the recirculating zone. The radial distributions of total pressure are shown in Figs. 14 and 15.
3A VELOCITY CALCULATIONS-COMPARISON WITH MEASUREMENTS
The velocities measured with the laser velocimeter are compared with velocities calculated from the measured gas composition and pressures assuming either frozen or equilibrium chemistry. These two assumptions, about the state of the chemistry, provide upper and lower limits for the actual velocities in the flow field. Thus, by comparing the measured velocity with the computed velocity limits, .one can infer the state of the reactions occurring in the gas. The static pressure measured on the duct wall at the axial location of the velocity measurements was used in the calculation along with the enthalpies of the inlet streams. The calculation procedure is described in Appendix B.
A comparison of measured and computed velocities is presented in Figs. 16 and 17 . The LV velocity data at the first three axial stations (X/D = 1/2, 1, and 2) agree reasonably well with that calculated, assuming frozen conditions, especially on the centerline of the flow indicating that no reaction is taking place in that region. At station X/D = 3, the LV velocities agree more closely with velocities calculated at frozen conditions at the center, but agrees more closely with the velocities calculated from equilibrium conditions near the wall. At station X/D = 4, the LV velocities in the recirculating zone, where reactions are expected, agree with the values calculated with the equilibrium assumption and indicate partial combustion elsewhere.
At station X/D = 5 with of F/A = 0.143, the LV velocities are higher than the velocities calculated for either frozen or equilibrium conditions. Particle "dynamics calculations were made using a modified Stokes equation in a computer code developed by Hsieh (Ref. 10) . The results indicate that the particle agglomeration could increase particle sizes to as much as two to five microns and give a difference between gas velocity and particle velocity of only 2 to 13 ft/sec, respectively, at X/D = 5. Therefore, it is not likely that particle lag is a significant factor in the velocity results. Most probably the discrepancy is caused by a combination of uncertainties in the calculated velocities caused by the small pressure differences (0.04 to 0.06 psi) and the measured hydrogen mass fraction being lower than the completely mixed value. At station X/D = 5 for F/A = 0.107, the LV velocities agree fairly well with the equilibrium velocities, indicating that combustion is almost complete. In general, the measured velocities agree with the values calculated from the measured pressure and composition data and the equilibrium assumption at locations where complete chemical reactions would be expected and with values calculated with the frozen assumption where reactions would not be expected, thus indicating that the measured quantities axe self-consistent.
CONCLUSIONS
Ducted, subsonic, axisymmetric, reacting, recirculating flow experiments were conducted in a combustor with a duct diameter-to-inner nozzle diameter ratio of ten. A primary jet of air at a mass flow rate of 0.075 lb/sec was surrounded by an outer hydrogen stream to obtain fuel-air ratios of 0.143 and 0.107. Analysis. of the data led to the following conclusions:
. Comparison of the measured velocity with that calculated from measured pressure and composition data assuming frozen or equilibrium chemistry show that the measured velocity, pressure, and composition data are self-consistent.
. The locus of zero mean velocity locations in the recirculating zone and the wall static pressure distribution for the reactive tests agree with those for nonreactive tests, which indicates that the reaction has little effect on the location of the recirculation zone. The gases in a ducted, axisymmetric, reacting, recirculating flow mix more slowly than those in a nonreactive system of the same configuration and fuel-air ratio. The centerline decay of both concentration and velocity is less rapid and the radial distributions of concentration and velocity approach uniform profiles less rapidly for the same duct length in the reacting case.
The turbulence intensity based on the jet mean exit axial velocity, 700 ft/sec, has a maximum value of 0.20, which occurs in the mixing zone in the near field (X/D < 3). For stations downstream of X/D = 3, the turbulence intensity across the duct was approximately constant and equal to 0.20 except near the duct wall. In the lower velocity regions where the local axial velocity was 150 ft/sec or less, the local turbulence intensity was 100 percent or more of the mean local velocity.
. The hydrogen mass fraction, velocity, and turbulent intensity profiles indicate that counter-stream turbulent diffusion is responsible for the dilution of the secondary hydrogen stream in the vicinity of the nozzle exit. 
APPENDIX A EXPE RIMENTAL DATA
Appendix A contains a tabulation of the experimental data obtained in the present study. The data include radial distributions of hydrogen mass fraction, mean axial velocity, turbulence intensity, and total pressure and axial distributions of wall hydrogen mass fraction and wall static pressure for the test conditions given in Table 2 . 
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In order to calculate free-stream gas properties in a potentially reacting system from total pressure, static pressure, and gas composition, the following assumptions were made: I. The state of reaction is known. Calculations were made assuming both frozen (unreacted) and equilibrium (completely reacted) gases.
The compression process from the free stream to stagnation pressure on the probe tip is isentropic and chemically frozen.
Composition of air is assumed to be 0.2095 mole fraction 02 and 0.7905 mole fraction N2.
The static pressure is assumed constant with duct radius and equal to the measured wall value.
6. The gas mixtures are thermally perfect. 
